Power-scalable Ho:YAG slab laser intracavity side-pumped by a Tm:YLF slab laser by So, Sik et al.
Power-scalable Ho:YAG Slab Laser, intracavity side-
pumped by a Tm:YLF Slab Laser 
 
S. So, J. I. Mackenzie, D. P. Shepherd and W. A. Clarkson 
Optoelectronics Research Centre, University of Southampton, Highfield, Southampton SO17 1BJ, U.K. 
wac@orc.soton.ac.uk 
 
J. G. Betterton, E. K. Gorton and J. A. C. Terry* 
QinetiQ Ltd., St. Andrews Road, Malvern, Worcestershire WR14 3PS, U.K. 
* present address Photonic Innovations Centre, University of St.Andrews, Scotland, U.K. 
 
Abstract:  We report the first demonstration of an intracavity side-pumped Ho:YAG slab laser, delivering 13W 
at 2.09µm and discuss the advantages of this scheme as an approach for power scaling. 
 
1. Introduction 
 
Sources of laser radiation at 2µm have applications in remote sensing, medicine, and as pump sources for mid-
infrared optical parametric oscillators.  Thulium and Holmium rare-earth dopants both offer efficient lasing 
transitions in this spectral region, together with long upper-state lifetimes suitable for production of high-energy 
pulsed outputs.  Holmium offers the longer wavelength output of the two rare-earths, coinciding with a spectral 
region of relatively weak atmospheric absorption. However, it does not have convenient absorption bands for direct 
pumping by commercially available high-power diode lasers.  This problem can be overcome by either co-doping 
with Tm
3+ or by using a separate diode-pumped Tm
3+ laser as an efficient in-band pump source for the Ho
3+ laser.  
Both approaches benefit from a fortuitous “two-for-one” cross-relaxation process which can yield two excited Tm
3+ 
ions for each absorbed pump photon at ~0.8µm, and hence a quantum efficiency approaching 2.  However, the 
former has become less popular for many applications owing to the strong upconversion losses in co-doped 
materials [1].  The latter approach, by comparison, has the attraction of much lower upconversion losses in the 
separate Tm
3+ and Ho
3+ crystals and, in addition, allows the selection of different hosts for the Tm
3+ and Ho
3+  to 
achieve the optimum match between their spectroscopic and lasing characteristics.  One of the most attractive 
combinations of laser hosts is Tm:YLF and Ho:YAG due to an excellent overlap of the emission characteristics of 
the former with the absorption characteristics of the latter.   Recent work by Budni et al has demonstrated a 
Ho:YAG rod laser, end-pumped by two Tm:YLF rod lasers, with efficient continuous-wave and pulsed outputs of 
up to 19W [2], and 50mJ [3], respectively.  However, scaling to power levels significantly higher than this, whilst 
maintaining good beam quality and simplicity of design, may prove to be problematic in an end-pumped rod laser 
configuration due to the effects of heat loading in the Tm:YLF and Ho:YAG crystals.  There are two main problems:  
Firstly, the Tm:YLF has a relatively low fracture limit and hence the output power from a single, end-pumped, rod 
system is limited to ~20W.  This limitation can be circumvented by using a multi-rod resonator design and by 
pumping each rod from both ends, but this adds extra complexity and cost to the overall system.  Secondly, even 
though in-band pumping results in low quantum defect heating (~9%) in the Ho:YAG rod, end pumping will 
inevitably lead to non-uniform heat deposition density, which will, in turn, produce a highly abberated thermal lens. 
In this paper we present preliminary results for a novel intracavity-pumped laser configuration, which combines 
a power-scalable multimode Tm:YLF end-pumped slab laser with a simple intracavity side-pumping scheme to 
achieve nearly uniform pump deposition in a Ho:YAG slab laser.  Various intracavity pumping schemes for 
Ho:YAG have been reported in the literature.  The first schemes, based on Tm:YAG pumping Ho:YAG [4,5], 
employed a common laser resonator, and hence suffered from the disadvantage that the thermally-induced lensing 
and aberrations in the Tm
3+ crystal could adversely affect the output characteristics of the Ho:YAG laser [6]. 
Schellhorn et al solved this problem by using polarisation discriminating optics to decouple the two resonators in a 
Tm:YLF-pumped Ho:YAG laser system [7], but still with the power scaling limitations of longitudinal pumping.  In 
our approach, the two laser resonators are spatially decoupled by employing a simple intracavity side-pumped 
architecture.  This has the numerous advantages for power scaling and is compatible with the use of slab-shaped 
laser gain media for improved thermal management.  A further attraction of our approach is that the Tm:YLF laser 
need no longer operate with high spatial quality, indeed highly multi-mode Tm:YLF oscillation actually improves 
the uniformity of pump deposition, and hence heat generation, in the Ho:YAG crystal.  We describe the initial 
performance characteristics of this novel laser cavity and discuss its potential for scaling to much higher output 
powers.  
2. Power scaling of the Tm:YLF pump laser 
 
Tm:YLF is attractive as a pump source for Ho:YAG lasers and also benefits from a low overall thermal lensing 
effect and immunity from thermally induced depolarisation losses due to its own strong birefringence [8].  However, 
average output powers from single gain element lasers have so far been limited to ~20W due to its low thermal 
stress fracture limit.  We have developed a Tm:YLF laser that has efficiently delivered ~70W from a single gain unit 
by optimising both the Tm doping level and employing a slab geometry.  
The optimum doping level for power scaling Tm:YLF exists depends on several competing doping-level-
dependent spectroscopic processes that affect the level of heat loading and the output efficiency.   Increasing the 
doping level can decrease the thermal load and increase the output efficiency by increasing the cross-relaxation (CR) 
efficiency, which leads to an increased pumping quantum efficiency.  Conversely, increasing the doping level can 
also increase the thermal loading density due to energy transfer upconversion (ETU) and because the pump 
deposition density is also increased.  Thus, careful optimisation of the Tm
3+ doping level is crucial for efficient 
power scaling.  Carefully designed end-pumped lasing experiments, with Tm:YLF rods of various doping levels, 
were conducted to determine the impact of ETU and CR on laser performance, and hence the optimum value for the 
Tm
3+ concentration [8]. This study indicated that 2at.% Tm
3+ doping level was optimum for operation at high pump 
powers.  Moreover, by using a slab gain geometry, for efficient heat removal, we obtained 70W output from a 
simple two-mirror laser resonator with a single gain unit (limited only by the available pump power from our diode-
stack pump source), as shown in fig.  1.   
 
 
 
 
 
 
 
 
 
 
 
 
                         Fig.1 Performance of the 2at.% Tm
3+-doped YLF slab laser. 
 
The laser cavity consisted of a plane high-reflectivity (HR) input coupling mirror and a 20cm radius of 
curvature (ROC) 87% reflectivity output coupler with a cavity length of ~5cm.  No attempt was made to control the 
spatial quality of the highly multimode output as the nearly flat-topped transverse intensity profile was ideal for the 
intended side-pumping experiments. 
 
3. Intracavity side-pumped Ho:YAG laser 
 
Figure 2 shows a schematic diagram of the experimental arrangement for the intracavity side-pumped Ho:YAG 
laser.  The Ho:YAG slab was placed within the HR/HR cavity of the Tm:YLF laser such that its absorption provided 
the effective output coupling for the Tm:YLF.  As expected, the Tm:YLF laser shifted in wavelength to avoid the 
strong Ho
3+ absorption at 1.91µm, preferring to operate at an absorption minima near 1.89µm.  Given this 
wavelength, the 4mm absorption width, and the 1at.% Ho
3+ doping level, we would expect a single-pass absorption  
of ~7%.  This is sufficiently large to achieve good output coupling for the Tm:YLF laser, but at the same time, small 
enough to ensure very uniform double-pass pumping.  The Tm:YLF mode size was ~7.5mm by ~1mm and so filled 
most of the Ho length, again in a uniform fashion.   For this preliminary study we only optimised the power output 
of the Ho:YAG cavity  and did  not  make measurements  of its beam quality.  However, the very uniform pumping 
and heat deposition should be beneficial for efficient extraction of a near-diffraction-limited beam in an   
appropriately designed resonator.  Fig. 3  shows the experimental performance obtained from the Ho:YAG laser.  A 
maximum output power of 13W was obtained with a slope efficiency with respect to absorbed pump power of 16%. 
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Fig.2 Schematic of the intracavity side-pumped Ho:YAG laser.  The Tm:YLF cavity length is 67mm and the Ho:YAG cavity length is 23mm 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Ho:YAG output power against diode pump power 
 
The slope efficiency  for the Ho:YAG is somewhat lower than expected, indicating that the unwanted Tm:YLF 
intracavity losses (possibly due to poor AR coatings on the Tm:YLF and Ho:YAG crystals) may be too large to 
allow the Ho:YAG absorption to dominate as the main source of loss.  This problem should be relatively easy to 
overcome with improved AR coatings and by using a Ho:YAG slab aligned at Brewster’s angle.  Thus by adopting 
these measures and with the aid of a higher power pump diode, it should be possible to increase the slope efficiency 
to greater than 20%, and increase the Ho YAG output power to ~100W before fracture of the Tm:YLF is reached 
[8]. 
 
4. Summary 
 
We have demonstrated the first operation of an intracavity side-pumped Ho:YAG slab laser.  The scheme relies on 
an efficient diode-pumped multimode Tm:YLF slab pump laser, scalable to powers well beyond 100W, and results 
in very uniform heat deposition in the Ho:YAG crystal.  Thus this approach is a promising route to further power 
scaling beyond the current limitations imposed by conventional separate end-pumped Tm – Ho lasers. 
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